Motivation: Prokaryotic genome annotation has been focused mainly on identifying all genes and their protein functions. However,530% of the prokaryotic genomes submitted to GenBank contain partial repeat features of specific types and none of the genomes contain complete repeat annotations. Deciphering all repeats in DNA sequences is an important and open task in genome annotation and bioinformatics. Hence, there is an immediate need of a tool capable of identifying full spectrum repeats in the whole genome. Results: We report the PRAP (Prokaryotic Repeats Annotation Program software package to automate the analysis of repeats in both finished and draft genomes. It is aimed at identifying full spectrum repeats at the scale of the prokaryotic genome. Compared with the major existing repeat finding tools, PRAP exhibits competitive or better results. The results are consistent with manually curated and experimental data. Repeats can be identified and grouped into families to define their relevant types. The final output is parsed into the European Molecular Biology Laboratory (EMBL)/GenBank feature table format for reading and displaying in Artemis, where it can be combined or compared with other genome data. It is currently the most complete repeat finder for prokaryotes and is a valuable tool for genome annotation.
INTRODUCTION
Advancements in sequencing technology have led to a rapid increase in genomes sequenced and a raised demand for accurate and complete genome annotation. It is highly desirable to have an adequate genome annotation software capable of performing essential tasks such as predicting correct genes and repetitive sequences. All organisms have, in the total DNA of a cell, multicopies of similar sequences; i.e. the repeats. Hence, repeat identification and masking have been considered as an essential phase of the sequence assembly and annotation for the eukaryotic genomes, but not in prokaryotes (Andrey et al., 2010; Smith et al., 2007) . For many years, repetitive sequences in prokaryotic genomes have been studied in individual cases. Research now indicates that prokaryotic repeats have an important role as is currently understood for eukaryotes (Barrangou et al., 2007; Brouns et al., 2008; Koressaar and Remm, 2012; Song et al., 2012; Trivedi, 2006; van Belkum et al., 1998) .
Repeats in prokaryotes include (i) local repeats, such as lowcomplexity repeats, simple repeats and tandem repeats, (ii) repeats in genes that are duplicated or functionally related, such as duplicated genes, protein domains and rRNA operons, (iii) mobile repeats that play an important role in genome plasticity and evolution, such as insertion sequences (IS) and transposons and (iv) interspersed or intergenic repeats that may provide the regulatory or structural variations of chromosomes to adapt to environmental challenges, such as clustered regularly interspaced short palindromic repeats (CRISPRs).
However, in many completed prokaryotic genome annotations reported to GenBank, repeat features have been completely absent. Merely $30% [search NCBI nucleotide database with command: bacteria/archaea (organism) and 'complete genome'(Title) and not plasmid(Title) not 'vector' (title) w/o and 'repeat_region'] of the organisms contain partial repeat features and none contains complete repeat annotations. This is likely due to the following reasons: (i) the repeat functions have been underestimated; (ii) there are no repeat libraries available for the prokaryotic genomes in the RepeatMasker database, which is currently the most widely used repeat finder software; (iii) based on the assumption that all open reading frames are candidates of prokaryotic genes, gene prediction and analyses have been performed on prokaryotic genomes without obtaining repetitive DNA information, which is indispensable to eukaryotic genome annotation; and (iv) the last and most important reason is that currently there is no suitable tool for the automated annotation of full spectrum repeats in the whole prokaryote genome.
A number of computing algorithms have been developed either for finding all repeat classes, such as RECON (Bao and Eddy, 2002) , Parsimonious Inference of a Library of Elementary Repeats (PILER) (Edgar and Myers, 2005) , WindowMasker (Morgulis et al., 2006) , RepeatScout (Price et al., 2005) and RepeatFinder with REPuter (Kurtz et al., 2001; Volfovsky et al., 2001) ; or only for a specific pattern, such as CRISPR Recognition Tool (CRT) (Bland et al., 2007) , CRISPRFinder (Grissa et al., 2007) and Tandem Repeats Analysis Program (TRAP) (Sobreira et al., 2006) in the genome. These tools were designed to find either repeats directly or repeat families that led to the building of the repeat library used by RepeatMasker, whose purpose is to manage masking and identifying repeats.
Each algorithm has its specific advantages and disadvantages in finding repeats. Among them, RECON used a self-aligned sequence read as a starting seed to find the groups of elements, which were then clustered into families. It has worked well for shotgun sequences or a relatively short assembled sequence in the order of Mb. RECON is capable of identifying more potentially novel repeats than the peer tools (Saha et al., 2008) . Thus, it was adopted in our study as the repeat library builder to develop the PRAP. MegaBlast uses the greedy algorithm to search similar sequences, and was thus chosen to perform the self-search (allagainst-all) in the first step of repeat identification. In this article, we report this fast and accurate automated method that is aimed to identify all families of repeats at a genomic scale. We believe that this is currently the most complete repeat identification tool designed for prokaryotic genomes.
METHODS
The code was written in Perl and run in UNIX. Perl Interpreter 5.6.1 or later (http://www.perl.org/), MegaBlast/blastn (http://www. ncbi.nlm.nih.gov/BLAST/), RECON (http://selab.janelia.org/recon. html), VisCoSe (http://bio.math-inf.uni-greifswald.de/viscose/html/download.html), RepeatMasker (http://www.repeatmasker.org/) and Artemis (http://www.sanger.ac.uk/Software/Artemis/) are required to run the code. All codes must be installed in the user's execution path. Figure 1illustrates how PRAP assisted in automatically running the MegaBlast, RECON, VisCoSe and RepeatMasker. The integrative pipeline is outlined below to explain the complete genome repeat analysis for prokaryotes.
Genome-wide repeat elements identification
The pipeline begins with identifying potential repeat elements via a similarity self-search (Altschul et al., 1990; Claverie and States, 1993) using MegaBlast. Two sequence regions are considered as potential repeats if they share more than the users' desired (default 80%) sequence identity. The default minimum length of the element for search was set as 20 bp.
DUST filtering
Low complexity or highly repetitive sequences generate artificially highscoring alignments that could perturb the sequence relationships in similarity search. Such sequences should be managed carefully when performing sequence similarity search. There are a few sequence filters, such as DUST for nucleic acids (Tatusov and Lipman, unpublished manuscript) and XNU for amino acids (Claverie and States, 1993) , available for BLAST programs. To capture full spectrum repeats, two MegaBlast runs are performed: one with and one without DUST filtering. The raw hits from the two runs are merged and further screened with desired similarity score. Those duplicated hits are removed to maintain a unique record. The run with DUST filtering (-F T) will find short repetitive segments embedded in the long repetitive sequences, whereas the run without DUST filtering (-F F) will ensure that long repetitive segments are not disrupted by filtering. This enables the identification of low complexity repeats within long repeats, e.g. gene motif inside a gene. This approach is an important step to capture all possible repetitive segments. The necessity of combining two MegaBlast runs in the pipeline is further illustrated in Section 3.5.
Repeat families by RECON
The repeat elements from the above step are parsed and converted into the RECON input format. RECON is then used to identify primary repeat families. Overlapping elements are considered as the synoptic by clustering alignment to form families (Bao and Eddy, 2002) . RECON is one of the major components in this package for family identification. Owing to the pairwise similarity algorithms adopted, RECON has been reported to be slow in computing because it requires large amounts of main memory and may have difficulty in defining repeat boundaries (Price et al., 2005) . However, for prokaryotic genomes, this potential issue is minimal owing to the relatively small genome size.
Constructing repeat library and masking repeats
The consensuses of RECON families are generated using VisCoSe with default options. When outliers exist in repeat element length distribution of a repeat family, a parameter will be invoked to specify the longest element allowed to reduce the noise. VisCoSe uses motif conservation rate and frequency to construct consensus from aligned sequences. This is relatively simpler than using the weight matrix methods (Spitzer et al., 2004) . The repeat type is determined by using blastn of the repeat family consensus against known sequence databases, such as NCBI nt, ISFinder and GenBank, and by detecting the repeat pattern using the script included. The resulting consensus is then used as the repeat library for RepeatMasker running with the '-lib' option, which indicates a custom library. A tab-delimited text file is generated listing the repeat family, repeat type, frequency, location within the source sequence and the longest and the shortest sequence lengths in the family.
Outputs and optional filters
A few optional filter programs can be applied to the RepeatMasker output to sort out repeats based on the number of repeat occurrences, repeat length or repeat type, and to remove unwanted features according to the user's desire. Finally, the filtered output is parsed to the EMBL/ GenBank feature table format for displaying and viewing in Artemis, where it can be combined or compared with other genome analyses data.
Pipeline optimization and efficiency
The software default parameters have been optimized for novice users and can be easily applied to most prokaryotic genomes. For experienced users, customized parameters can be adjusted to improve accuracy by removing ambiguous repeats, which might be accumulated and carried from the limitations of the individual software component in the package. This software has been demonstrated to be efficient for microbial genome sequences sized (0.5 $ 10 Mb) in an optimum condition. MegaBlast and RepeatMasker take most of the running time. For an average genome size ($5 Mb) in a UNIX system, Intel Core i7-920 Processor @ 2.67 GHz, it takes $30, 12 and 0.5 min to run MegaBlast, RepeatMasker and RECON, respectively. The time consumption of running MegaBlast Fig. 1 . The flowchart of the PRAP software package varies widely based on chosen parameters. RepeatMasker runs in this package using the default options with '-lib' to specify the library obtained from the previous step, which contains only hundreds of data elements for prokaryotic genomes. Hence, the actual running time of RepeatMasker is minimized, and this renders the tool with high efficiency.
PIPELINE PERFORMACE
To evaluate the PRAP performance, we compared its ability in identifying repeats with other well-known tools and verified its accuracy with manually curated and experimental data.
Comparison using general purpose tools for genome-wide repeats structure
Chloroflexus sp. Y-400-fl, whose complete GenBank annotation includes significant repeat features, is a repeat-rich prokaryote. Hence, we selected this organism as an example for a genomewide comparison of our software performance with other existing tools, RepeatFinder, RepeatScout and RepeatModeler (Smit and Hubley, 2012) . RepeatFinder finds repeats directly without applying RepeatMasker. The other tools create a custom repeat library to be analyzed as sequences in RepeatMasker. To ensure a fair comparison, the default parameters were used to run the tools. Table 1 summarizes the repeats found by different tools. The three listed values indicate repeat elements found, not found and falsely reported, respectively. The element is reported as false when it does not follow the repeat type definition. Detailed results are listed in Supplementary Table SI . No repeat is generated by running RepeatModeler, which, in turn, indicates that its algorithm may not be applicable to the prokaryotic genome and is therefore excluded from the comparison shown in Table 1 . For simplicity, we limited our comparison to those repeat elements listed in GenBank file. The GenBank results did not specify the method used and it reported 46 repeat regions: 15 transposons in 3 families, 4 CRISPRs and 27 segmental repeats. Compared with other tools' results, GenBank data missed 7 transposon elements (including 3 in ISDge7 type, 3 in ISMhu9 type and 1 in ISEhe2 type) and 36 segmental repeats. These missing mobile elements were mistakenly annotated as pseudogenes. Similarly, most missing segmental repeats were annotated as either hypothetical genes or unknown CDSs (see details in Supplementary  Table SI ). GenBank data were found to falsely report shortperiod tandem repeats as CRISPRs.
Among these tools, RepeatFinder exhibits low quality, whereas RepeatScout and PRAP show comparable results. All reported repeats in GenBank can be identified by RepeatScout and PRAP with reasonable boundaries, as evidenced by comparison with GenBank's transposon genes boundaries. The major difference between the two tools occurs within the sufficiently diverged regions, where RepeatScout tends to only identify partially conserved domains to form disconnected subrepeats in the same family, whereas PRAP identifies the entire region as a repeat belonging to other family instead (see repeats in Supplementary Table SI marked in green) . It should be noted that both RepeatScout and RepeatFinder failed to correctly determine CRISPRs elements, which are one of the most needed repeat features in the prokaryotic genome. This indicates that their capability of finding short repeats is inferior to PRAP. Hence, our method achieves better prediction in this comparison.
Comparison using specialized tools on interspersed repeats structure
CRISPRs are one of the most important repeat families in prokaryotic genomes. The locus contains a succession of highly conserved regions (direct repeats) varying in size from 23 to 47 bp, separated by similarly sized unique non-repetitive sequences (spacer) usually of viral origin (Jansen et al., 2002a, b; Mojica et al., 2005) . Organisms with multiloci CRISPR have conserved the leader sequence at either the 5' or 3' flanking region.
Our method was verified with tools specifically designed for the purpose of finding CRISPRS, such as PILER-CR (Edgar and Myers, 2005) , CRISPRFinder (Grissa et al., 2007) and CRT (Bland et al., 2007) . We chose three genomes as examples that contain different numbers of CRISPRs cluster and possess structures that are difficult to identify: Anaeromyxobacter dehalogenans 2cp-1 genome (NC_011891) with two different CRISPRs clusters; Chloroflexus sp. Y-400-f1 genome (NC_012032) with three different CRISPRs clusters; and Zymomonas mobilis ZM4 genome (NC_006526), whose third CRISPR is split by a longer spacer (164 bp) into two parts and contains three similar short CRISPR (6-8 U) clusters. Table 2 summarizes the CRISPR analysis of three genomes adopting all above tools in comparison with our PRAP analysis.
PRAP has proved its unique merits that are superior to its peer: (i) It is the only tool that identifies all CRISPRs in three tested genomes, whereas PILER-CR misses one with both A.dehalogenans and Zymomonas genomes, and CRISPRFinder and CRT each misses a truncated one with Zymomonas genome; (ii) It is also the only tool that possesses the ability to find the leader sequence; however, this is true only when multiple CRISPRs belong to the same repeat family. CRISPR loci and leader sequences are identified as different repeat families in this method; (iii) Most importantly, it has the unique capability to minimize the background noises from simple repeats or tandem repeats. The CRT tool produces a considerable tandem repeating background as previously reported (Grissa et al., 2007) . Both PILER-CR and CRISPRFinder also misidentify one tandem repeat as CRISPRs. These tandem repeats are marked in gray in Table 2 . The use of DUST filter in our PRAP algorithm masks those low-complexity repeats in the initial step and thus avoids subsequent mis-annotation of tandem repeats as CRISPR. Moreover, both PRAP and CRISPRFinder are successful in identifying split CRISPR, as shown with the third CRISPR in Zymomonas genome, whereas PILER-CR and CRT fail. PILER-CR also shows the drawback of splitting the first locus into two loci as shown in Chloroflexus sp. section. However, it should be noted that no tool can predict boundaries perfectly. Those boundaries deviating from the consensus are marked in bold in Table 2 . Nevertheless, PRAP exhibits an insignificant deviation of 1-3 bp at the 5' site and occasionally a few dozen bases off at the 3' location.
Evaluation using curated mobile repeats (insertion sequences and transposons)
In this section, we verified our algorithm with manually curated mobile repeats. The ability to identify and annotate mobile repeats is an important indication of the tool performance. Clostridium thermocellum, as a transposon-rich genome, was chosen for the comparison using the most frequently applied mobile repeat tool IS_Finder (Siguier et al., 2006) , plus RepeatFinder, RepeatScout and PRAP. The results are summarized in Table 3 (details see Supplementary Table SII ). The IS_Finder data, which have been manually annotated, were used as a standard reference. In the IS_Finder column, the numbers of full-length and partial elements are given for each family. The numbers in the other columns list the deviation of the repeat number from IS_Finder finding with 'þ' for additional repeats found and '-' for less repeats found. The absolute deviation from each family is summed up as the total absolute deviation, which is an indication of the performance of the repeat finding ability of each tool compared with IS_Finder. A lower number indicates better performance. The bottom row in the table gives the ratio of total repeats with boundary discrepancy 56 bp from the reference repeat to the entire reference set of full or partial length repeats. The total full-length and partial elements of reference set are 95 and 23, respectively (for details see Supplementary  Table SII ). A higher ratio suggests more accurate boundary results. We again demonstrated that PRAP outperformed its peer in identifying IS by both number and boundary accuracy.
Evaluation using experimental data-MIRUs
Mycobacterium tuberculosis H37Rv genome experimental data were parsed from the GenBank file (NC_000962) to extract the mycobacterial interspersed repetitive units (MIRUs). A total of 65 MIRUs have been reported based on hybridization evidence and were grouped into three classes, I, II and III (Supply et al., 1997) . PRAP predicted all 65 of MIRUs with an additional 5 predicted; however, they are grouped into 6 families (4, 82, 56, 309, 333 and 848) . Family numbers have no biological meaning. Fig. SI) of those 65 MIRU sequences and additional MIRUs predicted by PRAP show that classes I and II are highly conserved and consistent with the PRAP identification as families 82 and 4, respectively. However, class III is not sufficiently conserved to be identified as a single family by PRAP. The following two observations are worth mentioning: (i) Two class II MIRUs are mosaicked in longer repeats and are grouped into additional families 56 and 309. (ii) By examining the homologous regions of family 333 (highlighted in Supplementary Fig. SI) in class III, separated subclasses should be considered, which merits further study. Overall, this demonstrates that the capabilities of PRAP in identifying repeats are as reliable as the experimental work.
Effects of DUST filtering on the PRAP performance
To illustrate the necessity of combining two MegaBlast runs, PRAP was used to analyze genomes ZM4 (Zymomonas mobilis ZM4), Saga (Simiduia agarivorans SA1T) and Mutb (Mycobacterium tuberculosis H37Rv) in three scenarios: (i) one MegaBlast run with DUST, (ii) one MegaBlast run without DUST, and (iii) merge of (i) and (ii). The number of MegaBlast hits and the number of RECON families generated in this analysis are presented in Table 5 . To study the actual difference in blast hits and RECON families between scenarios, the content of each hit and the consensus sequence of each family should be examined and compared, as counted number alone can be misleading. The results are shown in the right column of Table 5 . Note: The entire Clostridium thermocellum IS families found by four algorithms. IS_Finder results were taken as a standard reference. The entry number in IS_Finder columns is the number of IS elements in the family. The entry number of other algorithms indicates the number of the element deviating from IS_Finder result. 'þ' for additionally repeats found and 'À' for less repeats found. The total absolute deviation is the sum of the absolute values of the entire column. The bottom row gives the ratio of total repeats with boundary discrepancy 56 bp from the reference repeat to the entire reference set of full-length or partial elements. The total full-length and partial elements of reference set are 95 and 23, respectively. For all tested genomes, the numbers of blast hits and repeat families with dust filtering (one MegaBlast run) showed significant difference from those of merged run, and the differences ranged from 19 to 50% and 7 to 36%, respectively. For single MegaBlast run without dust filtering, the blast hit and repeat family numbers showed no difference from the merged run for genomes ZM4 and Saga. However, the effect of the merged MegaBlast run is well demonstrated for genome Mutb. By merging the two MegaBlast runs, PRAP successfully captured 481 or 2% different blast hits and 176 or 13% different repeat families compared with one MegaBlast run without dust. This could be explained by the low complexity repeat content in genome, as both ZM4 and Saga genomes are poor, but Mutb is highly rich, in low complexity structures (Nandi et al., 2003) .
When two runs were merged, the blast hits were summed up from two single runs followed by removing the duplicated hits and subjected to other cutoff constrains. Repeat families were then created from these merged hits. In the scenarios of ZM4 and Saga genomes, the limited low complexity regions (if existing) do not influence repeats in other regions. Therefore, the without dust hits fully include the dust hits and are equivalent to the merged one. In the case of Mutb, whose low complexity region constitutes a higher fraction of the genome, the short repeats embedded in the vicinity of low-complexity regions will likely skew the alignment during similarity search, thus influencing the repeat detection in other regions. This would lead to different repeats identified between two single runs. After merging, repeat family for the merged run is determined again, which may be different from each single run. Nevertheless, we do not expect a huge difference between without dust and merged runs, as both runs process similarity search against the same (unmasked) sequence. The degree of difference is dependent on the genome's intrinsic low-complexity repeat structure and similarity identity chosen; other possible factors are not completely excluded.
This exercise demonstrates the necessity of combining the two MegaBlast runs. Using MegaBlast with dust or without dust alone would possibly lead to incomplete discovery of repeat elements or repeat families. The effects are not known a priori. To avoid the unpredictable loss, even small, users are advised to adopt the 'merged' run as default.
DISCUSSION
We described an ab initio system for rapid identification of all spectrum repeats in prokaryotic genome sequences and the assignment of these repeats to families. Prokaryotic genome, at the scale of Mb, allows BLAST to use a smaller size of search word to identify both short and long repeat segments accurately. The nature of the repeats within the prokaryotic genomes facilitates the algorithm to minimize errors generated from grouping the repeat family, thus achieving better performance.
To run PRAP, it is required to download and install BLAST, RECON, VisCoSe, RepeatMasker and Artemis from different external sources. Downloading, installing and granting the licensee permission are users' responsibility. Although these prerequisites do not update frequently, adjustment of the executing commands of the software might be required when using a different version for initiating installation or updating.
False-positive rate is a common index of specificity to assess the performance of discovery algorithms. However, by definition, a DNA repeat is two similar sequences, and the precise definition of a false positive is debatable. Moreover, unlike eukaryotes, which have extensive curated known RepeatMasker libraries (RepBase) to aid in identifying true positive repeats (Saha et al., 2008) , prokaryotes have difficulty in evaluating the tools in terms of sensitivity and specificity. Therefore, we used the direct comparison of repeat numbers/ boundary approach instead of the sensitivity and specificity of repeat as benchmarks for comparing the code performance.
PRAP currently categorizes the repeats as transposon, protein motif repeat, RNA, CRISPRs and unknown. However, it is challenging to clearly distinguish repeat families, especially when overlap and mosaic subrepeat structure occur. As stated in Section 3.4, repeat elements may be categorized into different families owing to embedding in a longer repeat belonging to the different family. Furthermore, PRAP tends to distinguish the less conserved repeats from a conserved group into different families, and it may require some adjustment using the similarity cutoff setting.
Mobile repeats are often nested in one another in the form of fragments, which become a major source of fragmented transposons. Hence, fragmented transposons, as opposed to intact (13) Note: All hits580% similarity were removed. The value in 'Difference' columns indicates the number of difference in blast hits and RECON repeat families between the single and the merged runs. The number in parentheses is the percentage.
transposons, are more difficult to be identified and assigned to a family. The open reading frame within these fragments can be mis-annotated as a pseudogene if the repeat is not accurately identified. On the other hand, identifying fragmented repeats can help to better annotate the pseudogenes impacted by frame shift, split or premature stop codon effect. The PRAP can identify both intact and fragmented repeats as described in Section 3.3, although the short fragmented transposons are difficult to be distinguished from interspersed repeats that are also transposable. This ability enables the tool to avoid miscalling genes in the repeat regions, therefore enhancing the gene prediction as discussed in Section 3.1. It is believed that a significant number of false hypothetical/pseudogenes can be removed from annotation when this tool is applied. In addition, the PRAP is capable of detecting novel repeats. By facilitating its 'ab initio' and 'identifying full spectrum repeats in genome-wide' characteristics, a new repeat library containing all repeat families can be generated for each new organism. This ensures the discovery of novel repeat. However, to achieve this, a prokaryotic repeat database has to be established such that the novel repeats can be easily identified. Our tool is currently the most complete repeat-finding tool designed for prokaryote genome. It can improve genome annotation and offer valuable potentials in repeat-related biological applications such as the characterization of metagenomes by signature repeats.
